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SUGARY
This investigation was conducted to evaluate a stereophotographic method
of determining the aeroelastic deformations of an airplane model under aerody-
namic load in the wind tunnel. This is a Joint NASA and General Dynamics pro-
gram. Wind-tunnel tests were conducted in the Langley 8-foot transonic pressure
tunnel on the wing of a O.0625-scale model of the TF-8A supercritical-wing
research airplane to obtain simultaneously the aerodynamic forces and moments,
pressure distributions, and stereophotographs; these tests were conducted at
Mach numbers of 0.80A 0.95, and 1.20, and at free-stream dynamic pressures of
20 349 Pa (425 ib/ft L) and 40 698 Pa (850 Ib/ft2).
The accuracy of the stereophotographic technique in determining wing deflec-
tions was within 0.013 cm (0.005 in.) under static conditions. This value trans-
lates to an error in wing twist of 0.10 ° inboard and increases to 0.20 ° outboard.
When the model is under aerodynamic load in the wind tunnel, the accuracy of the
stereophotographic technique of determining wing deflections increased to
0.052 cm (0.020 in.) when compared with static wing loadings because of the
dynamic motion of the model in the tunnel.
At transonic speeds, the wing deflections and wing twist generally do not
increase linearly with an increase in either angle of attack or dynamic pressure
and Reynolds number.
INTRODUCTION
The Reynolds numbers of full-scale airplanes have increased appreciably in
recent years with the increases in both the airplane s_ize and speed. Concur-
rently, the shape of airplanes, and particularly the shape of wing and control
surfaces, has also become more sensitive to changes in Reynolds number and aero-
elastic deformations, especially at high subsonic and transonic speeds where
shock-boundary-layer interactions and other viscous effects can have an unusually
large influence on stability and performance characteristics. As a result, it
is extremely difficult to extrapolate low Reynolds number wind-tunnel data to
the Reynolds number of the full-scale airplane with any degree of confidence.
(Reynolds number requirements for valid testing at transonicspeeds are discussed
in refs. I and 2.) Therefore, it is desirable to match the Reynolds number and
the aeroelastic deformations of the full-scale airplane in the wind tunnel.
Generally, both the Reynolds number and airplane deformations cannot be matched
simultaneously in the wind tunnel over a range of test conditions. In order to
obtain full-scale Reynolds number in the wind tunnel, pressure is generally
increased significantly and, recently, the stagnation temperature has been
reduced to cryogenic temperatures so that the wind-tunnel model is subject to
very low temperatures and/or large dynamic pressures. When the full-scale
Reynolds number is obtained in the wind tunnel at transonic speeds, the model is
subject to much higher dynamic pressure and larger aeroelastlc deformations than
the full-scale airplane will encounter in flight. In order to correct data for
model deformations, it is necessary to obtain the aerodynamic characteristics
simultaneously with the model aeroelastic deformations during wind-tunnel tests.
The purpose of this investigation is to evaluate a stereophotographic
method of determining the wing deflections on an airplane model under aero-
dynamic load in the wind tunnel. This is a Joint NASAand General Dynamicspro-
gram. During the wlnd-tunnel tests, the aerodynamic forces and moments, the
pressure distributions, and the stereophotographs were obtained simultaneously
on a O.0625-scale model of the TF-SAsupercritical-wing research airplane. The
wing deflections obtained from the stereophotographs were then comparedwith the
wing deflections obtained by static loading the wing on a test stand.
The investigation was conducted at Machnumbersof 0.80, 0.95, and 1.20 in
the Langley 8-foot transonic pressure tunnel at free-stream dynamic pressures
of 20 349 Pa (425 ib/ft 2) and 40 698 Pa (850 ib/ft2). The Reynolds number
varied from 6.6 x 106 per meter (2.0 x 106 per foot) to 17.1 x 106 per meter
(5.2 × 106 per foot).
SYMBOLS
Values are given in both SI Units and U.S. Customary Units.
ments and calculations were madein U.S. Customary Units.
b wing span, 82.15 cm (32.34 in.)
Lift
CL lift coefficient, qS
The measure-
Cp
Cp,L
Cp,U
C
car
on
f/
M
Pl - P
pressure coefficient,
q
wing lower surface pressure coefficient
wing upper surface pressure coefficient
local (total) streamwise chord of wing, cm (in.)
average chord of basic wing panel, 12.123 cm (4.773 in.)
wing-section normal-force coefficient, (Cp,L - Cp, U) d
oe,
f-number (ratio of lens diameter to its focal length)
free-stream Mach number
p free-stream static pressure, Pa (Ib/ft 2)
Pl local static pressure, Pa (ib/ft 2)
q free-stream dynamic pressure, Pa (ib/ft 2)
S wing area including fuselage intercept, 0.0996 m2 (I .072 ft 2)
x streamwise distance measuredfrom leading edge of total wing
planform, positive toward wing trailing edge, cm (in.)
x' streamwise distance on fuselage center line measured from apex of
basic wing planform, cm (in.)
y spanwise distance measured from fuselage center line, positive
toward right wing, cm (in.)
angle of attack, deg
vertical deflection of wing, positive when wing tip is deflected
up, cm (in.)
e change in angle of twist of wing section under load, wind on minus
wind off, positive with leading edge up, deg
Abbreviations:
C.P. center of pressure, distance from leading edge of local (total)
streamwise chord of wing, x/c
l.e. leading edge
t.e. trailing edge
APPARATUS AND TESTS
Tunnel
The investigation was conducted in the Langley 8-foot transonic pressure
tunnel. This facility is a continuous-flow, single-return, slotted-throat
tunnel having controls that allow for the independent variation of Mach number,
density, temperature, and dew point. The test section is approximately 2.17 m
(85.5 in.) square in cross section with the upper and lower walls slotted so
that they have an open ratio of approximately 0.06 that allows the continuous
change in Mach number through the transonic speed range from 0.20 to 1.35. The
stagnation pressure in the tunnel can be varied from about 0.25 to 1.0 atm at
all test Mach numbers and to a maximum stagnation pressure of 2.0 atm at sub-
sonic Math numbers (I atm = 101.3 kPa).
Model
Someof the geometric characteristics of the 0.0625-scale model of the
TF-8A supercritical-wing research airplane used in this investigation are pre-
sented in figure I and a photograph of this model in the tunnel (taken during
a previous investigation, ref. 3) is shownin figure 2. During the present
investigation only horizontal wires attached to the sting were used to restrain
the lateral motion of the model instead of the crossed wires shownin figure 2,
and the test-section sidewall inserts shownin figure 2 were not used in this
investigation.
The sweptback supercritical wing was constructed of solid aluminum with
grooves cut in the upper surface of the left wing and lower surface of the
right wing panels in which steel pressure tubing was embeddedin plastic. The
wing was mounted at a root-chord incidence angle of 1.5° with respect to the
fuselage and had approximately 5° of twist (washout) from root to tip in the
unloaded condition. The wing planform had an aspect ratio of 6.8, a taper ratio
of 0.36, and a sweepbackangle of 42.24° at the quarter chord. The area of the
wing planform including the fuselage intercept was 0.0996 m2 (1.072 ft 2) and
the average chord was 12.125 cm (4.774 in.). Coordinates for the wing are given
in reference 4.
Boundary-layer transition was fixed on the model components for the entire
investigation. Grains of No. 100 carborundumwere located on the wing at 10 per-
cent of the local streamwise chords and grains of No. 120 carborundumwere
located on the horizontal and vertical tails at 5 percent of the local streamwise
chords. Trips of No. 120 carborundumgrains were also applied around the fuse-
lage 2.54 cm (1.00 in.) aft of the model nose and 1.27 cm (0.50 in.) rearward of
the inlet lip on both the inner and outer surfaces. All boundary-layer trips
were applied to the model in bands that were 0.127 cm (0.05 in.) wide, and the
leading edge of the bands was located by measurementstaken in the streamwise
direction. The carborundumgrains were sized by the techniques of reference 5.
In order to obtain the wing deflections using stereophotography, a pattern
of optical targets was installed on the lower surface of the left wing panel,
the fuselage, and the inboard section of the right wing panel as shownin fig-
ure 3. The optical targets consisted of small white dots, approximately 0.10 cm
in (0.040 in.) diameter, on a flat gray-painted background. The optical targets
were madeno larger than necessary to produce a discernible image on the film,
which was approximately 0.008 cm (0.003 in.) in diameter. For each target a
shallow hole was drilled on the surface about 0.05 cm (0.020 in.) deep and then
filled with white plastic and refinished so that the coordinates for the surface
were unchanged. The location of the optical targets are given in table I. The
targets were arranged along constant wing chord lines and semispan stations to
allow for both spanwise and chordwise analysis of the wing deflections.
Stereophotographs
The two cameras for the stereophotographs were installed under the center
line of the floor of the tunnel at the location of someremovable windows on
the tunnel floor as shownin figure 4. The cameraswere mounted so that they
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viewed the model through 7.62-cm-diameter (3.0-in.) holes. The stereophoto-
graphs were taken on 70-mmfilm using 100-mmfocal length, f/3.5 lenses espe-
cially selected for photogrammetry since they were almost fully corrected for
distortion. In order to obtain sharply focused pictures of the optical targets
(see fig. 5), high-intensity high-speed electronic flash lighting was used.
This lighting reduced the effects of any model or wing oscillations and also
allowed the camera lens to be operated at maximumf number (f/22) to obtain the
maximumdepth of field so that the model was in focus over a large angle-of-
attack range.
Wing Deflections
The aeroelastic deformations were determined for the wing of the model from
the stereophotographs by using a nonmetric photogrammetry method proposed in
reference 6. This method involves a direct linear transformation from the two-
dimensional comparator coordinates of each optical target, identifiable on the
film of both cameras, into three-dimensional space coordinates. In a sense
this method involves a simultaneous solution of two transformations, from compa-
rator coordinates into image coordinates and from image coordinates into three-
dimensional space coordinates. (See appendix.)
Since this is a nonmetric system, it is not necessary to measurecamera
position coordinates or aiming angles. Further, since each stereo pair of
negatives contains the necessary information to perform the nonmetric analysis,
it is not necessary to maintain relative alignment of the cameras between stereo
pairs of data photographs (that is, wind on to wind off). To obtain sufficient
parallax between the two views of the object being measured, a camera spread
(base) to photograph distance (height) ratio of between 0.5 and 1.0 is desirable.
In applying this technique, someoptical targets (14) on the inboard por-
tion of the wing panels and on the fuselage were assumedto be rigid model
reference points (fig. 3) for the transformation equations. The space coordi-
nates for each optical target were computed in relation to the rigid inboard
section from the stereophotographs for the wind-off condition (no load), and
then with the model under aerodynamic load in the wind tunnel. The deflection
due to aerodynamic load was then computedby taking the difference in the values
for each individual target, wind off and wind on.
To evaluate the stereophotographic technique, the wing deflections were
also measured in the laboratory with static loads approximating the aerodynamic
loads for three wlnd-tunnel test conditions (see following table).
M
0.95
.95
I.20
_, deg q, Pa (ib/ft 2)
4 20 349 (425)
4 40 698 (850)
8 40 698 (850)
The static loads approximating the aerodynamic loads were computedgraphi-
cally by integrating the chordwise wing pressure distributions to obtain the
spanwise variation of the center of pressure and normal-force coefficient for
the forward 50 percent and the aft 50 percent of the wing as demonstrated in fig-
ure 6. The static load for a given area was then computedby using the average
cn for the area which was then applied at the center of pressure of the given
area. For each loading, static loads were applied simultaneously at six forward
and six aft locations on the wing.
During the static loading of the wing, it was found that the optical tar-
gets on the wing that were assumedto be rigid model reference points (see
fig. 3) deflected as muchas 0.05 cm (0.020 in.) under the maximumloading con-
dition. To account for this variation from rigid model geometry, the ordinates
of the rigid model reference points on the wing were corrected by a ratio of the
CLq of the aerodynamic test Condition to the CLq of the reference test condi-
tion in which the wing deflections were measuredunder static load in the
laboratory.
This procedure assumesa linear variation in deflection with CLq. This
assumption is acceptable since the rigid body reference targets are on the
inboard portion of a solid aluminum wing from 0.15c to 0.45c where the wing
twist is a minimum.
Measurementsand Test Conditions
Force and momentdata were obtained with an electrical straln-gage balance,
and wing pressure distributions were obtained from the static-pressure orifices
distributed in streamwise rows over the upper left and lower right wing panels.
(See fig. I.) The wing pressures were recorded with differential-pressure trans-
ducers by using scanning-valve units mounted in the nose section of the model.
The balance force data and pressure data were obtained simultaneously with the
stereophotographs. The model angle of attack was determined from an acceler-
ometer mountedin the model.
Measurementswere taken at Machnumbersof 0.80, 0.95, and 1.20 for angles
of attack that varied from approximately 0° to 8° at a sideslip angle of 0°.
The horizontal tail was deflected -2.5 ° for all tests. The entire investigation
was conducted at a stagnation temperature of 332 K (120° F) and at a dew point
low enough to avoid significant condensation effects. The tunnel test conditions
for the present investigation are summarized in table II.
Accuracy
The estimated accuracies of the measurementsexcluding sting interference
effects, blockage, or shock reflection effects are estimated to be within the
following limits:
Lift coefficient ............................ +0.004
Pressure coefficient .......................... +-0.02
Mach number .............................. +-0.01
Angle of attack, deg . . ........................ +-0.10
Static wing deflections using dial gages:
Inboard, cm (in.) ...................... 0.003 (0.001)
Outboard, cm (in.) ...................... 0.005 (0.002)
The resolution of the monocomparator used to determine the two-dimensional
coordinates of the optical targets on the film is I micrometer. However, the
accuracy of repeat readings is about 0.0005 cm (0.0002 in.).
PRESENTATION OF RESULTS
The results of this investigation are presented in the following figures:
Figure
Variation of spanwise wing deflections in tunnel determined
from stereophotographs ........................ 7
Variation of chordwise wing deflections in tunnel determined
from stereophotographs ........................ 8
Variation of spanwise wing twist in tunnel determined from
stereophotographs .......................... 9
Effect of dynamic pressure on wing pressure distribution ........ 10
Effect of dynamic pressure on variation of wing semispan
load distribution ................ , ......... 11
Effect of an increase in angle of attack on spanwise
variation of wing twist and semispan load .............. 12
DISCUSSION
Wing Deflection
As a direct indication of the accuracy of the stereophotography technique
under ideal tunnel conditions, the wing deflections were first determined from
the stereophotographs with the model in the tunnel at M = ]. The difference
in the wing deflections measured in the laboratory with no load using dial gages
and the wing deflections measured in the tunnel at M = 0 using stereophotog-
raphy should be zero. The results are shown in figure 7(a) as vertical wing
deflections. The deflections indicating the accuracy of the stereophotographic
technique of determining wing deflections are within about 0.013 cm (0.005 in.)
except for a few random points (about 5) that indicate a deflection of 0.018 cm
(0.007 in.).
The wing spanwise deflections in the tunnel at Mach numbers of O.80, 0.95,
and 1.20 are presented for constant chords (0.15c, 0.35c, and 0.85c) in fig-
ures 7(b), 7(c), and 7(d), respectively. Data are presented for a dynamic
pressure of 20 349 Pa (425 ib/ft 2) and 40 698 Pa (850 Ib/ft 2) and at angles
of attack of 4° and 8° .
In order to ascertain the accuracy and reliability of the stereophotography
technique in the wind tunnel under aerodynamic conditions, static loadings were
made on a test stand that approximates the aerodynamic conditions that occur
at a dynamic pressure of 20 349 Pa (425 ib/ft 2) and 40 698 Pa (.850 ib/ft 2)
at M = 0.95 and a = 4° (fig. 7(c)); and for a dynamic pressure of 40 698 Pa
(850 ib/ft 2) at M : 1.20 and a = 8° , the maximum load condition (fig. 7(d)).
The difference in the wing deflections due to the aerodynamic load (solid curve
in fig. 7(d)) and the static load (data symbols) increases from the root to the
tip of the wing so that the maximum difference of 0.051 cm (0.020 in.) occurs
near the wing tip. It should be noted that near the wing tip the deflections
measured during the static loading are below the deflections measured by stereo-
photography at M = 0.95 (fig. 7(c)) and above the deflections measured by ste-
reophotography at M = 1.20 (fig. 7(d)). Part of this difference is attributed
to the dynamic motion of the wing under aerodynamic load and the fact that the
electronic flash freezes the motion at some random point in the oscillation and
not at the mean position. Therefore, the accuracy of the stereophotographic
technique under aerodynamic conditions is better than 0.051 cm (0.020 in.).
The effect of varying dynamic pressure and angle of attack on the wing
deflection was determined from figure 7. It appears that the wing deflections
generally do not increase linearly with an increase in dynamic pressure or angle
of attack at transonic speeds in that doubling the dynamic pressure or angle of
attack did not double the wing deflections except for an increase in dynamic
pressure at M = 0.80 and a = 4° . Apparently, this condition occurs because,
at the low angle of attack and subcritical Mach number (for the configuration),
there is no flow separation or shock movement on the wing with the increase in
dynamic pressure and the accompanying increase in Reynolds number.
Wing Twist
The variation of the chordwise wing aeroelastic deflections is shown in
figure 8. Since the chordwise wing deflections are linear within approximately
0.013 cm (0.005 in.), the same as the accuracy obtained under static conditions,
there are no measurable changes in wing camber with aerodynamic load for the
supercritlcal airfoil. Therefore, the wing twist was computed by taking the
arc sin of the difference in the vertical deflection of the forward and aft
points at each semlspan station and dividing by the distance between the forward
and aft points. The spanwise variation of the wing twist due to aerodynamic
loading is shown in figure 9.
The wing twist increases smoothly in a negative direction (washout) from
the root to the tip of the wing. If an error in vertical deflection of 0.013 cm
(0.005 in.) is assumed, the error in twist at the wing tip station (_ 2 : 0.90
is about 0.20 ° or about double the error of the inboard station, 0.10 ° ,
because t_e chord of the wing at the tip station is about one-half the chord
of the wing at the inboard station. By increasing the number of data points
(optical targetS) at the outboard semispan stations so that the data can be
averaged or faired, the error can be reduced to an average error in wing twist
of about 0.10° .
The wing twist (fig. 9) generally does not increase linearly with an
increase in angle of attack or dynamic pressure except under two conditions.
One exception is when dynamic pressure is increased from 20 349 Pa (425 ib/ft 2)
to 40 698 Pa (850 ib/ft 2) at M = 0.80 and _ = 4o; another occurs when the
angle of attack is increased from 4° to 8° at M = 1.20 and q = 20 349 Pa
(425 ib/ft2).
In order to gain further insight into the aerodynamic flow that is causing
the nonlinear variation in wing deformations, wing pressure distributions are
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shown in figure 10 at two semispan stations, - 0.48 and -- = 0.80, and
b/2 b/2
the wing semispan loadings are shown in figure 11.
With an increase in dynamic pressure, the pressure distributions show the
combined effect of increasing the Reynolds number and decreasing angle of attack
(due to wing twist). With an increase in Reynolds number, the boundary layer
tends to thin out and flow separation is delayed to a higher angle of attack.
At transonic speeds, a shock on the wing generally moves rearward with an
increase in Mach number and angle of attack until flow separation begins at the
wing trailing edge. The shock then moves forward with an increase in angle of
attack as trailing-edge separation increases.
At Mach numbers of 0.80 and 0.95 (figs. 10(a) and 10(b)), the pressure dis-
tributions indicate that the flow is not separated on the wing at _ = 4° since
the pressure coefficients return to zero at the wing trailing edge. With an
increase in dynamic pressure, the pressure coefficients at the wing leading edge
tend to increase because of the increase in Reynolds number and the shock moves
forward because of the decrease in angle of attack (increase in negative wing
twist). At M = 0.80 and _ = 4° , the wing semispan load (fig. 11(a)) decreased
slightly with an increase in dynamic pressure. At M = 0.95 and _ = 4°
(fig. 11(b)), the decrease in the wing semispan load with an increase in dynamic
pressure is noticeably larger than at M = 0.80 and is not quite as uniform.
Apparently, this is the reason that the spanwise variation of the wing twist
increases linearly when the dynamic pressure is increased at M = 0.80 and
e = 4° , and does not increase linearly when dynamic pressure is increased at
M = 0.95 and _ = 4° .
At Mach numbers of 0.80 and 0.95 at _ = 8° and at M = 1.20 at _ = 4°
and 8° , the pressure distributions indicate separated flow at the wing trailing
edge. The effect of either increasing dynamic pressure or angle of attack does
not result in a uniform variation of the pressure distributions in figure 10
and the semispan load distribution in figure 11.
Increasing the dynamic pressure at M : 0.80 and a : 8° reduced the
separation at the wing leading edge and improved the pressure recovery at the
wing trailing edge, particularly at the outboard semispan station = 0.8
because of the increase in Reynolds number and the decrease in local angle of
attack due to the increase in negative wing twist (fig. 9(a)). This condition
caused the wing semispan load (fig. 11(a)) to increase outboard and to decrease
inboard.
Increasing the dynamic pressure at M = 0.95 and _ = 8° had the opposite
effect on the wing semispan load (fig. 11(b)). The semispan load increased
inboard and decreased outboard. However, at M = 1.20, the wing twist increased
linearly with an increase in angle of attack from 4° to 8° at a dynamic pressure
of 20 349 Pa (425 ib/ft 2) (fig. 12). For this condition to occur, the semispan
loading (fig. 11(c)) should double in value when _ is increased from 4° to 8° .
The semispan loading does not double in value inboard but more than doubles out-
board (fig. 12) when _ increases from 4° to 8° , however, the chordwise pres-
sure distributions (fig. I0(c)) indicate that the load moved forward on the wing
at _ = 8° . This movement apparently counteracts the outboard increase in wing
loading so that the wing twist increased linearly with an increase in angle of
attack.
CONCLUDING REMARKS
The evaluation of the stereophotographic technique of measuring the aero-
elastic deformations of a model in the wind tunnel at angles of attack of 4°
and 8° and at dynamic pressures of 20 349 Pa (425 ib/ft 2) and 40 698 Pa
(850 ib/ft 2) was conducted at Mach numbers of 0.80, 0.95, and 1.20.
The accuracy of the stereophotographic technique in determining wing deflec-
tions was within 0.013 cm (0.005 in.) under static conditions. This value trans-
lates to an error in wing twist of 0.10 ° inboard and increases to 0.20 ° outboard.
Under aerodynamic load in the wind tunnel, the combined effect of the test setup,
equipment used, and model dynamic motion gave an accuracy better than 0.052 cm
(0.020 in.).
At transonic speeds, the wing twist generally does not increase linearly
with an increase in either angle of attack or dynamic pressure and Reynolds
number.
Langley Research Center
National Aeronautics and Space Administration
Hampton, VA 23665
July 18, 1977
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APPENDIX
BASIC EQUATIONS FOR DETERMINING MODEL DEFLECTIONS
The direct linear transformation method of solving the colinearity condi-
tion of photogrammetry was developed by Abdel-Aziz and Dr. H. M. Karara of the
University of Illinois in 1971 (ref. 6). It establishes a direct linear rela-
tionship between the comparator coordinates of points and the corresponding
object space coordinates. As such, it does not require fiducial marks in the
photographs, the computation of partial derivatives, nor linear approximations
of unknowns in the solution, as would be required in the conventional solution.
Although originally conceived for use with nonmetric cameras (such as 35-mm or
70-mm cameras) in close range photogrammetry, it can also be applied to metric
cameras.
Given a set of fixed reference points, this procedure will compute model
space coordinates and deflections. The procedure can then transform the model
space coordinates from the axis system of the fixed reference points to the
model axis system showing model deflections. To avoid introducing errors by
printing a photograph or diapositive from the negative, the coordinates of a
point are read directly from the negative.
The basic theoretical concept used in photogrammetry is that the photograph
or image, being a perfect plane, is a central projection of the object as shown
in figure 13 and described in reference 7. Implicit in this concept is the con-
dition of colinearity of the image point on the photograph, the projection center
of the camera, and the object point on the model.
Determining the Transformation Coefficients
The method first solves for the transformation coefficients relating two-
dimensional film measurements with three-dimensional object space measurements.
'Equations (I) are the basic formulas derived by Abdel-Aziz and Karara (ref. 6)
for the direct linear transformation method of solving the colinearity condition
-%
LIX + L2Y + L3z + L4
_:+ :0
L9x + L10Y + L11z + I
L5x + L6Y + L7z + L8
_+ :0
L9x + L10Y + L11z + I
(1)
where x, y, and z are object space coordinates (model), X and Y are
film measurement coordinates, and LI, ., L11 are the transformation
coefficients.
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Since there are 11 transformation coefficients to be determined, a minimum
of 6 fixed reference points is required in each photograph. For these 6 known
points, equations (I) can be used to provide the following 12 equations relating
film readings and object space points:
(I) L1xI + L2YI + L3zI + L4 = -XI(L9Xl + L10YI + L11z1 + I)
(2) L1x2 + L2Y2 + L3z2 + L4 = -X2(L9x2 + L10Y2 + L11z2 + I)
(3) L1x3 + L2Y3 + L3z3 + L4 : -X3(L9x3 + LI0Y3 + L11z3 + I)
(4) L1x4 + L2Y4 + L3z4 + L4 : _X4(L9x4+ L10Y4 + L11z4 + I)
(5) L1x5 + L2Y5 + L3z5 + L4 = "X5(L9x5 + L10x5 + L11z5 + I)
(6) L1x6 + L2Y6 + L3z6 + L4 = -X6(L9x6 + L10Y6 + L11z6 + I)
(7)
(8)
(g)
(10)
(11)
(12)
L5x I + L6Y I + L7z I + L 8 = -YI(L9Xl + L10Y I + L11z1 + i)
L5x 2 + L6Y 2 + L7z 2 + L8 = -Y2(L9x2 + LlOY 2 + L11z 2 + i)
L5x 3 + L6Y 3 + L7z 3 + L8 = -Y3(L9x3 + L10Y 3 + L11z 3 + i)
L5x4 + L6Y 4 + L7z4 + L8 = -Y4(L9x4 + L10Y 4 + L11z4 + I)
L5x 5 + L6Y 5 + L7z 5 + L8 = -Y5(L9x5 + L10Y 5 + L11z 5 + I)
L5x6 + L6Y 6 + L7z 6 + L8 = -Y6(L9x6 + L10Y 6 + L11z6 + I)
> (2)
where the subscripts I, 2, 3, • ., 6 in x, y, z, X, and Y denote
point numbers for the six fixed reference points. The coordinates x, y,
and z for the fixed reference points are known by measuring their location.
Rewriting equations (2) to solve for the transformation coefficient
LI, . ., L11 we have
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(I) xiL I + YiL2 + ziL 3 + XIXIL9 + XIYILI0 + X1zIL11 + L4 = -XI
(2) x2LI + Y2L2 + z2L3 + X2x2L9 + X2Y2LIO+ X2z2L11+ L4 = -X2
w w m u
(3) x3LI + Y3L2 + z3L 3 + X3x3L 9 + X3Y3LIO + X3z3L11 + L4 = -X3
(4) x4L I + Y4L2 + z4n 3 + X4x4L 9 + X4Y4LIo + X4z4L11 + L4 = -X4
(5) x5L I + Y5L2 + z5L 3 + X5x5L9 + X5Y5LI0 + X5z5L11 + L4 = -X5
(6) x6L I + Y6L2 + z6L 3 + X6x6L 9 + X6Y6LIO + X6z6L11 + L4 _ -X6
(7) xIL 5 + YIL6 + zIL 7 + YIXIL 9 + YIYILI0 + Y1z1L11 + L8 : -YI
i m m w
(8) x2L 5 + Y2L6 + z2L 7 + Y2x2L9 + Y2Y2LIo + Y2z2L11 + L8 = -Y2
(9) x3L 5 + Y3L6 + z3L 7 + Y3x3L9 + Y3Y3LIO + Y3z3L11 + L8 : -Y3
(10) x4L 5 + Y4L6 + z4L 7 + Y4x4L 9 + Y4Y4LI0 + Y4z4L11 + L8 = -Y4
(11) x5L 5 + Y5L6 + z5L 7 + Y5x5L 9 + Y5Y5LI0 + Y5z5L11_+ L 8 = -3 5
(12) x6L 5 + Y6L6 + z6L 7 + Y6x6L 9 + Y6Y6LI0 + Y6z6L11 + L8 = -Y6
(3)
By using equations (3) and the values of x, y, z, X, and Y for the six
fixed reference points, the values of the transformation coefficients
LI, . ., L11 are determined for both cameras.
Thus, there are 12 equations for determination of the 11 transformation
coefficients LI, ., L11 using the minimum number of fixed reference
points for calibration purposes. By incorporating additional reference points,
additional equations are available and result in more multiples of these equation
sets. Because of physical accuracy limitations on measurements and film read-
ings, the multiple solutions of 11 equation sets will not provide a unique set
of coefficients for the transformation. With 6 fixed reference points, there
will be 12 values for each transformation coefficient. Therefore, a least-
squares procedure is utilized to provide for the best transformation coefficients
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for a given set of experimental data. Generally, 10 to 20 fixed reference points
are used since additional fixed reference points improve the accuracy of the
transformation coefficients. The accuracy also would be improved if the refer-
ence points surround the model and one must avoid having the fixed reference
points in the same plane.
Determining Model Space Coordinates
Having determined the transformation coefficients for both cameras, equa-
tions (I) can be rewritten to relate the stereo camera arrangement to any other
common target points.
Camera I:
(LI + XiL9)xi + (mR + xim10)Yi + (L3 + XiL11)zi = -(L4 + Xi)_
(4a)l
(L5 + YiL9)xi + (L6 + YiLI0)Yi + (m7 + YiL11)zi -(L8 + Yi)J
Camera 2:
(LI + XiL9)xi + (L2 + XiLIO)Yi + (L3 + XiL11)zi = -(m4 + Xi)_
(L5 + Yim9)xi + (L6 + YiLIO)Yi + (L7 + YiL11)zi -(L8 + Yi)J
(4b)
where i denotes the target point.
Since the coefficients LI, ., L11 and Xi and Yi are known for all
points common to both cameras, the values xi, Yi, and zi can be computed
for these points. Again, since there are four equations to solve for three
unknowns, a least-squares method is employed to get the best solution. Employ-
ing additional cameras will produce additional equations and improve the accuracy
of the solution.
The accuracy of the method can be further improved by using an image refine-
ment process by correcting the film coordinates X and Y for lens distortion,
film deformation, and comparator errors. The technique is described in refer-
ence 8 and the program is described in reference 9.
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TABLE I.- LOCATION OF OPTICAL TARGETS
Span
location
Y
b12
Chord location on wing, x/c
0.15 0.25 0.35 0.45 0.65 0.85 0.95
0.247 X X X
•309 X X X X X
-. 247 X X X
-. 309 X X X X X X X
-.371 X X X X
-. 402 X X X X
-.433 X X X X
-.464 X X X X X X X
-.495 X X X X
,.526 X X X
-.557 X X X X
-.588 X X X
-.618 X X X X
-.649 X X X X X X
-. 680 X X X
-.742 X X X X
-.804 X X X X
-. 866 X X X X
-. 897 X X X X X
-.928 X X X X
-. 959 X X X X
Chord location
on body center
line, x'/c
-0.046
096
239
382
525
669
810
953
1 096
1 241
1.384
1.526
1.669
1.812
1.955
2.O97
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TABLEII.- TUNNELTESTCONDITIONS
Mach
number
I .20
I .20
.95
.95
.80
.80
Temperature
K °F
322 120
322 120
322 120
322 120
322 120
322 120
Reynolds number Dynamic pressure
per meter per foot Pa lb/ft 2
2.0 x 1066.6 x 102
13.5
7.5
15.1
8.5
17.1
4.1
2.3
4.6
2.6
5.2
20 349
40 698
20 349
40 698
20 349
40 698
425
85O
425
85O
425
85O
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Figure 5.- Stereophotographs from two cameras.
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